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Compound chondrule formation via collision of supercooled droplets
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Abstract
We present a novel model showing that compound chondrules are formed by collisions of supercooled droplets. This
model reproduces two prominent observed features of compound chondrules: the nonporphyritic texture and the size
ratio between two components.
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1. Introduction
Chondrules are spherical particles of 0.1–1 mm in size
contained within chondrites, the most common type of me-
teorites, as a major component. The volume fraction of
chondrules in typical chondrites, i.e., ordinary chondrites,
is up to 70% (Rubin, 2000). It implies that the total mass
of all the chondrules in all the asteroids would be very
large. This cannot be ignored compared to the total solid
mass in the asteroid belt. The ages of chondrules are about
4.6 Gyr, slightly (probably a few Myr or less) younger
than the Calcium-Aluminum-rich Inclusions (CAIs) (e.g.,
Dauphas and Chaussidon, 2011). Therefore, the forma-
tion of chondrules must be related to the formation of the
solar system itself, especially to the formation of the as-
teroids, the rocky planets, and probably Jupiter as well.
Revealing the chondrule formation process, therefore, is
one of the keys to elucidating the solar system formation.
Chondrules are thought to be melted by some heating pro-
cesses in the early solar nebula and become spherical due
to the surface tension. However, heating processes respon-
sible for chondrule formation and their details remain un-
clear.
Studies of chondrules in thin sections have revealed
that some chondrules are composed of two or more chon-
drules fused together. They are called compound chon-
drules. The presence of compound chondrules is inter-
preted to be the result of collisions among non-solid pre-
cursors. Since the compound chondrule formation includes
multiple precursors, it is a more complicated phenomenon
than single chondrule formation. It suggests that by study-
ing compound chondrule formation, we can obtain more in-
formation on the chondrule formation process itself, since
it is likely that compound chondrules and single chondrules
are formed by similar mechanisms. Determining the com-
pound chondrule formation process is an important issue
to be addressed.
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Previous studies on compound chondrule forma-
tion mainly analyzed the fraction of compound chon-
drules among all the chondrules, which is expressed by
fALLcompound and is about 4% (f
ALL
compound = 4 × 10
−2)
(Gooding and Keil, 1981). Most of the previous studies
assume that compound chondrules are formed by collisions
of molten precursors (the molten-collision model) (e.g.,
Ciesla et al., 2004). The fraction of compound chondrules
was estimated from the fraction of chondrules undergoing
collisions with other chondrules (Gooding and Keil, 1981;
Ciesla et al., 2004). The fraction of chondrules that un-
derwent collisions with others, fcol, can be estimated by
fcol = nσvtcol, (1)
where n is the number density of chondrules, σ is the col-
lisional cross section, v is the collision velocity, and tcol
is the duration of time when compound chondrule form-
ing collisions take place. Each quantity may be evalu-
ated as follows. A typical radius of chondrules r is about
2×10−2 cm (Rubin, 2000), and the collisional cross section
of chondrules σ is about σ ∼ pi(2r)
2
= 5 × 10−3 cm2. We
assume that the collision velocity is v = 1 × 102 cm s−1
from hydromechanical constraints (e.g., Ashgriz and Poo,
1990). As for the duration of time when chondrules stay
molten, it is suggested to be shorter than 104 sec based
on the cooling rate estimation of chondrule formation
(Desch and Connolly, 2002), or some studies suggest that
the duration of time when chondrules stay molten is only
a few sec (e.g., Yurimoto and Wasson, 2002). In order
to reproduce the observed fraction of compound chon-
drules, fALLcompound = 0.04, the number density n should
be 8 × 10−6 cm−3 or much higher. Using a similar argu-
ment, Ciesla et al. (2004) inferred that chondrules would
have formed in regions of the solar nebula that had highly
concentrated solids. However, it is not clear if such a con-
centrated region can be present in the early solar nebula.
For example, when we suppose that compound chondrules
are formed in the mid-plane of the minimum mass solar
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nebula (Hayashi, 1981) at 2 AU, and suppose that the
dust-to-gas mass ratio is raised to be unity due to dust
sedimentation, and suppose that all the dust forms chon-
drule precursor particles, then the estimated number den-
sity of chondrule precursor particles would only be about
2× 10−6 cm−3 when the internal density of precursor par-
ticles is about 3 g cm−3. Since the values of σ and vc
would not be changed significantly, the short duration tcol
requires a higher number density n to form the large frac-
tion of compound chondrules.
Compound chondrules have some other noteworthy
features. A component in a compound chondrule usu-
ally holds spherical shape, which is called primary. In
contrast, the other component is usually deformed and
called secondary. The median size ratio of primary to sec-
ondary is approximately four (Wasson et al., 1995); i.e.,
the spherical primary is typically four times larger than
the deformed secondary. In addition, compound chon-
drules can be grouped into three types according to struc-
ture (Wasson et al., 1995): (1) an adhering type, wherein a
small secondary is stuck on a large primary, (2) a consort-
ing type, where both primary and secondary have roughly
the same size, and (3) an enveloping type, where a sec-
ondary encloses a primary. In ordinary chondrites, it is
found that enveloping compound chondrules are rare (only
eight out of 80 samples or about 10% of all the compound
chondrules) (see Wasson et al., 1995), so in this study we
consider only the adhering and the consorting types. Ac-
cording to Wasson et al. (1995), the fraction of the adher-
ing type is 66/80 = 82.5% and that of the consorting type
is 6/80 = 7.5%.
The textures of chondrules contained in compound
chondrules have another noteworthy feature. In gen-
eral, the textures of chondrules are classified into three
types: porphyritic, nonporphyritic, and glassy. Ac-
cording to Gooding and Keil (1981), only 16% of all
the chondrules are nonporphyritic chondrules, while 84%
of them are porphyritic. Glassy chondrules are ex-
tremely rare (Krot and Rubin, 1994). In contrast, when
we look at components in compound chondrules in
ordinary chondrites, we can find that most of them
have nonporphyritic texture. Although the major-
ity of compound chondrules in CV chondrites is por-
phyritic, the trend (fNPcompound/f
ALL
compound ≫ 1) is com-
mon (Akaki and Nakamura, 2005), where fNPcompound is the
fraction of compound chondrules in nonporphyritic chon-
drules. Wasson et al. (1995) revealed that 52 primaries
and 65 secondaries in 72 adhering and consorting com-
pound chondrules are nonporphyritic, so the fractions of
the nonporphyritic type are 52/72 = 81% for the pri-
mary and 65/72 = 90% for the secondary, both of which
are much higher than the fractions in all the chondrules.
Experimental studies showed that nonporphyritic chon-
drules are formed from completely molten droplets, and
porphyritic ones are formed from partially molten parti-
cles (e.g., Connolly et al., 1998). Therefore, it is strongly
suggested that compound chondrules are formed mainly
from completely molten droplets, while single chondrules
are formed from partially molten particles.
Experiments (e.g., Nagashima et al., 2006, 2008)
showed that completely molten levitated droplets having
no contact with any other solids turned into a supercooled
state at their liquidus temperature as they are cooled. The
supercooled droplets behaved as fluid particles even at a
temperature lower than the liquidus. If the temperature
is maintained properly, the droplets remained supercooled
for a long time. However, when the droplets collide with a
solid particle, they immediately crystallize and form a non-
porphyritic texture. Since the majority of components in
compound chondrules are likely to be formed from com-
pletely molten droplets, it seems natural to expect that
most of the compound chondrules have experienced a su-
percooled state in their formation process. However, the
supercooling has never been taken into consideration in
the context of compound chondrule formation.
In this study, compound chondrule formation with su-
percooling is examined. Table 1 lists some apparent fea-
tures and the number of observed compound chondrules,
which should be explained by a successful compound chon-
drule formation model. We will address these properties,
and we will see that they can be explained by taking the
supercooling into account in the model.
2. Crystallization of melts
Understanding the crystallization mechanism is essen-
tial for discussing the formation process of compound
chondrules. However, in previous studies of compound
chondrule formation, the crystallization process was con-
sidered incorrectly. For example, Hubbard (2015) assumed
that the viscosity of dust particles changed continuously
from the liquidus temperature to the glass transition point;
however, in reality, the viscosity increases discontinuously
at the solidus temperature.
Figure 1 shows a schematic phase diagram of dust in
stable states (completely molten, solid-liquid equilibrium,
and crystallized) and metastable states (supercooled and
glass). A metastable state is an unstable equilibrium state
of a macroscopic system in which the system can remain
for a long period. A supercooled droplet and a glass par-
ticle are well-known examples of metastable states.
In stable states, as the temperature decreases, com-
pletely molten droplets (colored by red in Figure 1)
turn into partially molten particles (solid-liquid equilib-
rium phase, yellow) at their liquidus (∼ 1700–2000 K)
(Hewins and Radomsky, 1990), and partially molten par-
ticles turn into crystallized particles (gray) at their
solidus (e.g., 1830 K for the MgSiO3-Mg2SiO4 system)
(Bowen and Andersen, 1914). On the other hand, in
metastable states, completely molten droplets turn into
supercooled droplets (light blue) at the liquidus, and su-
percooled droplets turn into glass particles (deep blue) at
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Table 1: Three features of compound chondrules that should be explained in this study.
Feature I textural type of almost all (90%)
compound chondrule are nonporphyritic
Feature II size ratio between 4:1
primary to secondary (primary is larger)
Fraction compound chondrule fraction fNP
compound
= (4%× 90%)/16% ∼ 20%
in nonporphyritic (or porphyritic) chondrule (fP
compound
= (4%× 10%)/84% ∼ 0.5%)
the glass transition point (e.g., 1063 K for enstatite, re-
viewed by Stebbins et al., 1984).
Previous studies of compound chondrule formation
did not take supercooling into consideration. Although
partially molten droplets immediately turn into crystal-
lized particles, experimental studies (Nagashima et al.,
2006, 2008) revealed that completely molten levi-
tated droplets invariably turn into supercooled droplets.
Nagashima et al. (2006) studied supercooling and crystal-
lization of forsterite droplets using levitation experiments,
and they revealed that the duration of supercooling is
longer than 103 sec even if supercooled droplets are kept
at low temperature (1160 K). In addition, a theoretical
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Figure 1: A schematic phase diagram of dust particles in stable
states (completely molten, solid-liquid equilibrium, and crystallized)
and metastable states (supercooled and glass). Previous studies con-
sidered that nonporphyritic chondrules are crystallized between their
liquidus and solidus (gray arrow). In contrast, completely molten lev-
itated droplets invariably turn into supercooled droplets and these
supercooled droplets turn into crystallized particles by contact (blue
arrows).
study by Tanaka et al. (2008) suggested that the duration
of supercooling can be arbitrarily long if the temperature
of these supercooled droplets are kept above their glass
transition points. These supercooled droplets turn into
crystallized particles by contact (Nagashima et al., 2006).
We, therefore, suggest that the crystallization of super-
cooled droplets is the key for the compound chondrule for-
mation because almost all the compound chondrules have
experienced complete melting.
In this study, we assume that completely molten
droplets turn into supercooled droplets as their temper-
ature decreases, and supercooled droplets turn into crys-
tallized particles when they collide with other particles.
Even though supercooled droplets may turn into partially
molten droplets, we ignore this for simplicity. The outline
of our model should hardly change with this transition.
More details of the crystallization of supercooled droplets
should be studied in the future.
3. Supercooled-collision model for compound
chondrule formation
We propose a novel compound chondrule forma-
tion model, wherein compound chondrules are formed
through the collision and the crystallization of supercooled
droplets. We call this model a supercooled-collision model.
In this model, the heating mechanism for the chondrule
formation is not specified. Therefore, this model is a gen-
eral one that could be applicable to various chondrule for-
mation models.
Figure 2 shows an outline of the supercooled-collision
model. We suppose that at first the temperature of the
dust particles is above the liquidus, and the particles are
completely molten. Afterwards, these particles cool below
the liquidus and become supercooled droplets (Figure 2-
a). The supercooled droplets are crystallized by collisions
with other particles and change into crystallized particles.
When two droplets collide with a large relative velocity,
the two droplets fragment into small pieces or separate
after the collision and change into two crystallized parti-
cles (Figure 2-b1). On the other hand, when two droplets
collide with a small relative velocity, the two droplets co-
alesce and change into one crystallized particle (Figure
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Figure 2: An outline of the supercooled-collision model. The
compound chondrules are formed by collisions between supercooled
droplets and crystallized particles.
2-b2). When a supercooled droplet collides with a crystal-
lized particle (Figure 2-c), the supercooled droplet sticks
to the crystallized particle (Figure 2-d), and a compound
chondrule is formed by rapid crystallization (Figure 2-e).
The supercooled-collision model immediately repro-
duces two important features of compound chondrules,
Feature I and Feature II in Table 1. The observed
Feature I—that most of the compound chondrules are
nonporphyritic—can be reproduced, because a complete
molten state is supposed first in the supercooled-collision
model so that molten droplets can experience supercool-
ing, and complete molten droplets can finally form nonpor-
phyritic chondrules. The observed Feature II—that the
primaries (spherical-shaped particles in compound chon-
drules) have larger sizes than the secondaries (deformed
particles) in almost all the compound chondrules—can be
explained by the size dependence of the collision rate.
Larger particles have a larger geometrical cross section
for collision, so they collide with other particles more fre-
quently than do the smaller particles. In addition, it is
often the case that larger particles have a greater veloc-
ity than smaller particles (e.g., Ormel and Cuzzi, 2007),
so again they tend to collide with other particles more
frequently, though this depends on the chondrule form-
ing mechanism and the environment. Thus, larger super-
cooled droplets are likely to crystallize earlier than smaller
droplets and become the primaries of compound chon-
drules.
It may be not clear what happens after stage (c) in
Figure 2 for the collision of the supercooled droplet. We
need to determine if hydrodynamic motion (Figure 2-d) or
crystallization (Figure 2-e) occurs, and we do this by eval-
uating the time scales of these phenomena. Laboratory
experiments suggest that the crystallization time scale is
of the order of 1 sec (Nagashima et al., 2006, 2008). On
the other hand, the time scale of the hydrodynamic mo-
tion of the supercooled fluid caused by collision should be
about r/v, where r is the radius of the droplet and v is the
collision velocity. The size of the colliding droplet, which
would become secondary, is of the order of 10−2 cm, and
the collision velocity should be about 102 cm s−1, as will be
discussed later. Therefore, the collision time scale would
be of the order of 10−4 sec. Since the time scale of the
hydrodynamic motion is shorter than the crystallization
time scale, we can see that the hydrodynamic motion takes
place first and the crystallization follows. The supercooled
droplet colliding into the crystallized particle behaves as
a fluid and deforms first; and after stopping the hydrody-
namic motion, it crystallizes. This estimate is consistent
with the experimental results (Connolly et al., 1994).
4. Quantitative evaluation of the supercooled-
collision model
The observed feature named Fraction in Table 1 (the
fraction of compound chondrules among all the nonpor-
phyritic chondrules, fNPcompound) is about 20% (Ciesla et al.,
2004). We need to evaluate if the supercooled-collision
model can quantitatively reproduce this observed feature
of the compound chondrules.
In the supercooled-collision model, the fraction of the
compound chondrules among all the nonporphyritic chon-
drules fNPcompound is given by f
NP
compound = nσvtform. There-
fore, we suppose that the compound chondrule forming
collision velocities v are 1 × 102 cm s−1, the same as the
collision velocities in the molten-collision model; and we
have
ntform =
fNPcompound
σv
= 4× 10−1 cm−3 s. (2)
Note that the supposed collision velocity v may be different
among the compound chondrule formation models, though
the cross section σ is independent of the models.
In the molten-collision model, it is supposed that the
upper limit of tform is 10
4 sec (or might be a few sec) and
v is about 1 × 102 cm s−1, so the number density should
be higher than 4 × 10−5 cm−3 to reproduce a sufficient
amount of the compound chondrules. However, the re-
quired number density seems to be too high to be realized
in the solar nebula. For example, as discussed in section
1, the number density of chondrule sized particles at 2 AU
may reach 4×10−4 cm−3 only if the dust-to-gas mass ratio
is about 20:1 in the mid-plane of the minimum mass solar
nebula (Hayashi, 1981).
In contrast, in the supercooled-collision model, the du-
ration of the supercooled state, which can be the duration
of compound chondrule formation tform, can be long. A
theoretical study on nucleation (Tanaka et al., 2008) in-
dicated that the duration of the supercooled state can
be arbitrarily long depending on the temperature cool-
ing rate. For example, it was shown that the supercooled
state could last for 105 sec or 106 sec, when the cooling
rate of the temperature is 10−2 K s−1 or 10−3 K s−1, re-
spectively. In fact, these slow cooling rates are considered
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to be appropriate as the cooling rates for chondrule for-
mation (∼ 10−3–1 K s−1) (Desch et al., 2012). We think
that the duration of the supercooled state can be 105 sec
or 106 sec.
Generally, the supercooled-collision model requires a
lower number density compared to the molten-collision
model, since the duration for formation tform can be long
because of the supercooling.
5. Discussion: application to chondrule formation
models
The supercooled-collision model for compound chon-
drules proposed in this study is independent of the chon-
drule formation models. However, it requires certain rela-
tionships between the number density of chondrule precur-
sors n and the duration of compound chondrule formation
tform as discussed in section 4. We now examine if some
chondrule formation models studied to date may meet the
requirement for compound chondrule formation. The ex-
amined chondrule formation models include the planetesi-
mal bow shock model, the lightning model, and the impact
jetting model.
The planetesimal bow shock model assumes that some
eccentric planetesimals in the solar nebula generate bow
shocks around them; and the chondrule precursor particles
in the solar nebula are heated by the bow shock, mainly
due to the gas frictional heating (e.g., Morris et al., 2012;
Nagasawa et al., 2014). According to Morris et al. (2012),
chondrules heated in the shocked gas are cooled to the
glass transition point about 10 hours (≃ 4× 104 sec) after
heating. This time scale can be regarded as the duration
of the supercooled state and the duration of compound
chondrule formation tform. We then obtain that the re-
quired number density of the chondrule precursors is about
1× 10−5 cm−3, which might be realized in a dust-rich re-
gion such as the dust-layer at the mid-plane of the solar
nebula. Therefore, the planetesimal bow shock model may
be consistent with compound chondrule formation using
the supercooled-collision model.
The planetesimal bow shock model may provide an-
other benefit for the compound chondrule formation.
Tanaka et al. (2008) showed that supercooled forsterite
droplets are crystallized without collision near the tran-
sition temperature (∼ 1200 K) and that they do not
turn into glass. Forsterite-rich particles crystallize sponta-
neously. In contrast, enstatite-rich particles never crys-
tallize spontaneously and turn into glass at the transi-
tion temperature. To crystallize enstatite-rich particles,
some solid particles as nuclei for crystallization are needed
(Nagashima et al., 2008). Since natural chondrites do not
contain many glass chondrules, some nuclei for crystalliza-
tion should be supplied for enstatite-rich particles in the
chondrule forming. These nuclei may be provided as tiny
solid particles, which are condensates from silicate vapor
in the chondrule forming region. Miura et al. (2010) sug-
gested that nm- and µm-sized dust grains are formed in the
shocked region, at the temperature around 1000 K, which
is near the glass transition point. Because of the supply
of these small grains, enstatite-rich glassy chondrules are
not formed frequently.
The lightning model (e.g., Hora´nyi et al., 1995) as-
sumes that charged dust particles in the solar nebula are
decoupled with gas, and the motions of the dust parti-
cles generate local potential differences in the solar nebula.
Electrical charges are released then as lightning. There are
several positive (e.g., Muranushi, 2010) and negative (e.g.,
Gu¨ttler et al., 2008) opinions regarding this mechanism.
However, from the viewpoint of compound chondrule for-
mation, the lightning model seems to be inappropriate.
Hora´nyi et al. (1995) suggests that the duration of melting
is extremely short (the temperature of the dust particles
decreases at the glass transition point within 10 sec). In
this case, the fraction of compound chondrules cannot be
reproduced by the lightning model.
The impact jetting model (e.g., Johnson et al., 2015)
assumes that chondrules are formed by collisions be-
tween planetesimals or protoplanets. According to
Johnson et al. (2015), the dust particles ejected by the col-
lisions are mm-sized completely molten droplets, and cool-
ing rates of these particles are of the order of 10−1 K s−1.
These features are consistent with the constraints of chon-
drule formation. However, the number of collisions per
dust particle calculated by Johnson et al. (2015) is of the
order of 102, which might be extremely large for repro-
ducing the fraction of compound chondrules. This high
frequency of collision leads to the conclusion that not only
nonporphyritic chondrules, but also most porphyritic ones,
are compound. In reality, the fraction of compound chon-
drules in porphyritic chondrules is only 0.5%. Therefore,
the impact jetting model might not be appropriate at least
for the compound chondrules in ordinary chondrites.
6. Conclusion
We examined if the supercooled-collision model, a
novel model for compound chondrule formation schemat-
ically shown in Figure 2, can reproduce the observed
features of compound chondrules in ordinary chondrites.
Compound chondrules have three features: there are
nonporphyritic textural types (Feature I), the primary
is about four times as large as the secondary (Fea-
ture II), and 20% of the nonporphyritic chondrules are
compound (Fraction). Feature I suggests that almost
all of the compound chondrules have experienced com-
plete melting (Connolly et al., 1998) and supercooling
(Nagashima et al., 2006). Feature II can be explained
by the supercooling and crystallization of dust particles.
Large supercooled droplets tend to collide with other parti-
cles frequently compared to small droplets, with large par-
ticles tending to turn into the primaries and the small su-
percooled survivors sticking on the primaries. The fraction
of compound chondrule is related to the number density
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of the dust particles and the duration of supercooling. Be-
cause of the long duration of supercooling (Tanaka et al.,
2008), the required number density can be low. There-
fore, we conclude that compound chondrules are likely to
be formed through collisions among supercooled droplets.
Acknowledgments
We thank Kyoko K. Tanaka and Katsuo Tsukamoto
for their valuable discussions based on their invaluable
data, and Harold C. Connolly Jr., Hitoshi Miura, Makiko
Nagasawa, Ken Nagashima, Tomoki Nakamura, Hidekazu
Tanaka, and the anonymous reviewers for their helpful
comments. This work is supported by JSPS KAKENHI
Grant Number 15K05266.
References
Akaki, T., Nakamura, T., 2005. Formation processes of compound
chondrules in CV3 carbonaceous chondrites: Constraints from
oxygen isotope ratios and major element concentrations. Geochim-
ica et Cosmochimica Acta 69, 2907–2929.
Ashgriz, N., Poo, J. Y., 1990. Coalescence and separation in binary
collisions of liquid drops. Journal of Fluid Mechanics 221, 183–204.
Bowen, N. L., Andersen, O., 1914. The binary system MgO-SiO2.
American Journal of Science 37 (222), 487–500.
Ciesla, F. J., Lauretta, D. S., Hood, L. L., 2004. The frequency of
compound chondrules and implications for chondrule formation.
Meteoritics and Planetary Science 39, 531–544.
Connolly, Jr., H. C., Hewins, R. H., Atre, N., Lofgren, G. E., 1994.
Compound chondrules: an experimental investigation. Meteoritics
29, 458.
Connolly, Jr., H. C., Jones, B. D., Hewins, R. H., 1998. The
flash melting of chondrules: an experimental investigation into
the melting history and physical nature of chondrule precursors.
Geochimica et Cosmochimica Acta 62, 2725–2735.
Dauphas, N., Chaussidon, M., 2011. A Perspective from Extinct Ra-
dionuclides on a Young Stellar Object: The Sun and Its Accretion
Disk. Annual Review of Earth and Planetary Sciences 39, 351–386.
Desch, S. J., Connolly, Jr., H. C., 2002. A model of the thermal
processing of particles in solar nebula shocks: Application to the
cooling rates of chondrules. Meteoritics and Planetary Science 37,
183–207.
Desch, S. J., Morris, M. A., Connolly, H. C., Boss, A. P., 2012. The
importance of experiments: Constraints on chondrule formation
models. Meteoritics and Planetary Science 47, 1139–1156.
Gooding, J. L., Keil, K., 1981. Relative abundances of chondrule
primary textural types in ordinary chondrites and their bearing
on conditions of chondrule formation. Meteoritics 16, 17–43.
Gu¨ttler, C., Poppe, T., Wasson, J. T., Blum, J., 2008. Exposing
metal and silicate charges to electrical discharges: Did chondrules
form by nebular lightning? Icarus 195, 504–510.
Hayashi, C., 1981. Structure of the Solar Nebula, Growth and Decay
of Magnetic Fields and Effects of Magnetic and Turbulent Viscosi-
ties on the Nebula. Progress of Theoretical Physics Supplement
70, 35–53.
Hewins, R. H., Radomsky, P. M., 1990. Temperature conditions for
chondrule formation. Meteoritics 25, 309–318.
Hora´nyi, M., Morfill, G., Goertz, C. K., Levy, E. H., 1995. Chondrule
formation in lightning discharges. Icarus 114, 174–185.
Hubbard, A., 2015. Compound chondrules fused cold. Icarus 254,
56–61.
Johnson, B. C., Minton, D. A., Melosh, H. J., Zuber, M. T., 2015.
Impact jetting as the origin of chondrules. Nature 517, 339–341.
Krot, A. N., Rubin, A. E., 1994. Glass-rich chondrules in ordinary
chondrites. Meteoritics 29, 697–707.
Miura, H., Tanaka, K. K., Yamamoto, T., Nakamoto, T., Yamada,
J., Tsukamoto, K., Nozawa, J., 2010. Formation of Cosmic Crys-
tals in Highly Supersaturated Silicate Vapor Produced by Plan-
etesimal Bow Shocks. The Astrophysical Journal 719, 642–654.
Morris, M. A., Boley, A. C., Desch, S. J., Athanassiadou, T., 2012.
Chondrule Formation in Bow Shocks around Eccentric Planetary
Embryos. The Astrophysical Journal 752, 27.
Muranushi, T., 2010. Dust-dust collisional charging and lightning in
protoplanetary discs. Monthly Notices of the Royal Astronomical
Society 401, 2641–2664.
Nagasawa, M., Tanaka, K. K., Tanaka, H., Nakamoto, T., Miura, H.,
Yamamoto, T., 2014. Revisiting Jovian-resonance Induced Chon-
drule Formation. The Astrophysical Journal Letters 794, L7.
Nagashima, K., Moriuchi, Y., Tsukamoto, K., Tanaka, K. K., Ko-
batake, H., 2008. Critical cooling rates for glass formation in levi-
tated Mg2SiO4-MgSiO3 chondrule melts. Journal of Mineralogical
and Petrological Sciences 103, 204–208.
Nagashima, K., Tsukamoto, K., Satoh, H., Kobatake, H., Dold,
P., 2006. Reproduction of chondrules from levitated, hypercooled
melts. Journal of Crystal Growth 293, 193–197.
Ormel, C. W., Cuzzi, J. N., 2007. Closed-form expressions for particle
relative velocities induced by turbulence. Astronomy and Astro-
physics 466, 413–420.
Rubin, A. E., 2000. Petrologic, geochemical and experimental con-
straints on models of chondrule formation. Earth Science Reviews
50, 3–27.
Stebbins, J. F., Carmichael, I. S. E., Moret, L. K., 1984. Heat capac-
ities and entropies of silicate liquids and glasses. Contributions to
Mineralogy and Petrology 86, 131–148.
Tanaka, K. K., Yamamoto, T., Nagashima, K., Tsukamoto, K., 2008.
A new method of evaluation of melt/crystal interfacial energy
and activation energy of diffusion. Journal of Crystal Growth 310,
1281–1286.
Wasson, J. T., Krot, A. N., Lee, M. S., Rubin, A. E., 1995. Com-
pound chondrules. Geochimica et Cosmochimica Acta 59, 1847–
1869.
Yurimoto, H., Wasson, J. T., 2002. Extremely rapid cooling of
a carbonaceous-chondrite chondrule containing very 16O-rich
olivine and a 26Mg-excess. Geochimica et Cosmochimica Acta 66,
4355–4363.
6
